Proper branching and successful reproductive growth is of great importance for rice productivity. Substantial progress has been made in uncovering the molecular mechanisms underlying tillering control and spikelet sterility. However, rice tillering is developmentally controlled, and how it is regulated coordinately with reproductive growth remains unclear. This study characterized a rice mutant, the most obvious phenotypes of which are high tillering, reduced height, and infertile spikelets (named this1). Similarly to the high tiller number and dwarf mutants in rice, the increased tiller number of this1 plants is ascribed to the release of tiller bud outgrowth rather than to increased tiller bud formation. In the this1 mutant, however, the accelerated rate of branching was delayed until the stem elongation stage, while other mutants lost the ability to control branching at all developmental stages. The seed-setting rate of this1 was less than half that of the wild type, owing to defects in pollen maturation, anther dehiscence, and flower opening. Histological analyses showed that the mutation in this1 resulted in anisotropic cell expansion and cell division. Using a map-based cloning approach, This1 was found to encode a class III lipase. Homology searches revealed that THIS1 is conserved in both monocots and eudicots, suggesting that it plays fundamental role in regulating branch and spikelet fertility, as well as other aspects of developmental control. The relative change in expression of marker genes highlighted the possibility that This1 is involved in phytohormone signalling pathways, such as those for strigolactone and auxin. Thus, This1 provides joint control between shoot branching and reproductive development.
Introduction
Tiller number and spikelet fertility (seed set) are two critical traits that define grain yield in rice. Excessive tillering can lead to reduced grain yield because the tillers compete for resources with the main shoot and in turn impair fertility. Tiller number and spikelet fertility are developmentally regulated by the interplay of genetic programs and environmental conditions. A comprehensive understanding of the molecular mechanisms underlying the control of tiller number and spikelet fertility will both enhance knowledge of basic plant development and also benefit agriculture.
Shoot branching is controlled at two distinct but closely related steps: (1) the formation of axillary buds in the leaf axils; and (2) their outgrowth in response to endogenous and environmental signals (McSteen, 2009; Domagalska and Leyser, 2011) . In many plants, axillary buds often become dormant after they are formed due to apical dominance. The outgrowth of axillary buds can be resumed in response to environmental and/or endogenous signals (Klee, 2008; Wang and Li, 2011) . Rice tillers emerge from the axillary buds at nodes on the main stem and from other tillers at the tillering stage, which extends from the appearance of the first tiller until the maximum tiller number is reached (Zadoks et al., 1974) . After the main culm elongates, few additional tillers are formed because nutrients are mainly used to support growth of elongating tillers, rather than new tiller formation (De Datta, 1981) .
Substantial progress has been made in uncovering molecular mechanism underlying the branch control in rice. MONOCULM 1 (MOC1) was identified as a gene indispensable for both the axillary buds initiation and their outgrowth (Li et al., 2003) . The moc1 mutant plants have only one main culm without any tillers. By contrast, a number of high-tillering and dwarf mutants defective in shoot branch inhibition have been identified. Some of the corresponding genes, D3, D10, D14/D88/Htd2, D17/Htd1, and D27 have been isolated and revealed to be functionally involved in strigolactones. D27 (Lin et al., 2009) , D17/Htd1 (Zou et al., 2006) , and D10 (Arite et al., 2007) encode enzymes that are involved sequentially in strigolactone biosynthesis (Alder et al., 2012) , whereas D3 (Ishikawa et al., 2005) and HTD2/D14/D88 (Arite et al., 2009; Gao et al., 2009; Liu et al., 2009 ) are recognized to be signalling components. FINE CULM 1 (FC1) is an orthologue of TB1 in maize and works downstream of strigolactones. Mutation in FC1 results in reduced inhibition of bud growth and increased tiller number Minakuchi et al., 2010) . It has also been widely accepted that auxins play a fundamental role in both axillary meristem initiation and its outgrowth. Appropriate synthesis, transport, and signalling of auxin are all required for shoot branch control (McSteen, 2009) . Inactivation of the auxinbiosynthesis gene YUC resulted in reduced apical dominance in Arabidopsis (Cheng et al., 2006) , and knockdown of the auxin efflux carrier OsPIN1 gene increased tiller number in rice (Xu et al., 2005) . Decapitation or blocking polar auxin transport could release the inhibitory effect of auxin and promote shoot branching (Leyser, 2003) . In addition, a mutation in the auxin-responsive gene AXR1 caused reduced auxin sensitivity and an excessive shoot branching phenotype in Arabidopsis (Stirnberg et al., 1999) .
Spikelet fertility can be affected by stress and developmental defects, and there is strong evidence for its involvement with pollen viability, anther dehiscence, and flower opening. Accumulating genetic studies have highlighted the molecular function of multiple genes regulating these processes, such as transcription factor ANTHER INDEHISCENCE1 (AID1) (Zhu et al., 2004) and SUMO E3 ligase OsSIZ1 (Thangasamy et al., 2011) , that are essential for anther development and dehiscence in rice. In Arabidopsis, the hormones jasmonic acid (JA) and auxins have been reported to be essential for anther dehiscence and flower opening (Park et al., 2002; Cecchetti et al., 2008) . Auxins synthesized in anthers play a major role in coordinating pollen maturation and anther dehiscence. In triple and quadruple mutants of the Arabidopsis auxin receptor-encoding genes TIR1, AFB1, AFB2, and AFB3, pollen maturation and anther dehiscence occur before the filaments are fully elongated (Cecchetti et al., 2008) . JA is also required to maintain spikelet fertility. Mutants with defects in JA biosynthesis have been shown to be defective in pollen maturation and release (McConn and Browse, 1996; Park et al., 2002) . The DAD1 (defective in anther dehiscence1) protein is a chloroplastic phospholipase A that catalyses the initial step in JA biosynthesis. The dad1 mutant shows defects in anther dehiscence, pollen maturation, and flower opening (Ishiguro et al., 2001) . Loss of function mutations in allene oxide synthase in Arabidopsis cause male sterility due to defects in anther and pollen development (Park et al., 2002) . Mutations in DELAYED DEHISCENCE1, which encodes an enzyme in the JA biosynthesis pathway, result in the release of pollen grains too late for pollination, caused by a delay in the stomium degeneration program (Sanders et al., 2000) .
Despite the successful isolation and characterization of several genes that function in tillering and/or spikelet fertility, the understanding of the molecular basis of rice tillering and fertility regulation, and the integration of these processes, is limited. This paper characterized a rice mutant, this1, which displays high tiller number, reduced height, and infertile spikelets. It is shown that the mutant phenotype can be attributed to the release of tiller bud dominance after the stem elongation stage. Unlike other similar mutants, in which tillers sprout out as early as in the third leaf stage, no distinguishable differences could be observed between this1 and wild-type Taipei309 seedlings. Using a map-based cloning strategy, This1 was shown to encode a putative class III lipase. THIS1 belongs to the pathogenesis-related lipase (PRLIP) group, one of the three groups of class III lipases with unknown biological activity. It shares little sequence similarity with DAD1-like proteins that is another group of class III lipases that catalyse the hydrolysis of membrane lipids and supply the oxylipin pathway with linoleic acid substrate. Gene expression analysis revealed that the expression level of marker genes involved in auxin and strigolactone change in this1, suggesting that it plays an integrative role in hormonal crosstalk to jointly regulate shoot branching and spikelet fertility.
Materials and methods

Plant material
A high-tillering, reduced height with infertile spikelet (this1) mutant of the japonica cultivar Taipei309 was isolated from the offspring of a transgenic rice population. Rice plants were cultivated in the experimental field at the Institute of Subtropical Agriculture in Changsha under natural growing conditions. Shoots from 21-dayold seedlings were sampled for analysing expression profiles of auxin/strigolactone-related genes. The phytohormone treatment was performed according to Ning (2006) . Germinated seeds were grown on a nylon net floating on hydroponic solution in the greenhouse, or alternatively, the sterilized seeds were germinated and grown in MS medium in the growth chamber. Seedlings at 14 days age were sprayed with methyl jasmonate (MeJA, 100 µM), GR24, a synthetic analogue of strigolactones (100 µM), 6-benzylaminopurine (6-BA, 4 M), salicylic acid (SA, 1 mM), 2,4-epibrassinolide (EBL, 2 µM), gibberellic acid (GA, 30 mM), 1-aminocyclopropane-1-carboxylic acid (ACC, 500 µM), 2,4-dichlorophenoxyacetic acid (2,4-D, 9 mM), abscisic acid (ABA, 100 µM) solutions, or sterile water (control), respectively. The leaf tissues were sampled at 24 h after spraying.
Mapping of this1
To map the this1 locus, the this1 mutant was crossed with a wildtype plant (cv. Minghui 63). Using 48 mutant plants obtained in the F 2 population, rough mapping was performed with SSR markers that could distinguish indica and japonica types (Shen et al., 2004) . A total of 1250 F 2 progeny with the mutant phenotype were used for fine mapping of This1. Four derived cleaved amplified polymorphic sequence (dCAPS) markers (C1, C4, C5, C7) were generated for fine mapping based on single nucleotide polymorphisms. The primer sequences are listed in Supplementary Table S1 (available at JXB online).
Complementation of this1
A 5.7-kb DNA fragment containing the putative coding region as well as the 2-kb upstream and 1-kb downstream regions was amplified from the BAC clone with primer pair PR1 (Supplementary Table S1 ). The DNA fragment was cloned into the binary vector pCAMBIA3300 and the recombinant vector was introduced into Agrobacterium tumefaciens EHA105. The rice this1 mutant was transformed according to a published method (Toki et al., 2006) .
Gene expression analysis
Total RNA was isolated from various tissues with TRIzol reagent according to the procedures provided by the vendor (Invitrogen). Total RNA (2 µg) were treated with DNase I and used for cDNA synthesis with SuperScriptII Reverse Transcriptase in a 20-µl reaction mixture (Invitrogen). Quantitative real-time PCR was performed using gene-specific primers in a total volume of 20 µl with 2 µl of the reverse-transcription reactions as template on an ABI 7900 real-time PCR machine using SYBR Green Master mix (Applied Biosystems). Rice gene UBC (Os02g0634800) was used as an internal standard. The relative expression levels of target genes were averaged from at least three biological replicates. The primers used are listed in Supplementary Table S2 .
Histological analysis
Rice culms were fixed in formalin/acetic acid/alcohol, followed by dehydration through a graded ethanol series and embedding in Paraplast Plus. Sections were stained with 1% toluidine blue and observed under bright-field microscopy (BX51, Olympus). Micrographs were taken with a digital camera (DP72, Olympus).
Histochemical GUS analysis was performed as described previously (Zou et al., 2006) . Plant tissue samples were incubated in X-gluc buffer for 24 h and then destained in 70% ethanol. The stained tissues were observed and photographed using a stereomicroscope with a camera (M165 FC, Leica).
Results
this1 releases tiller bud dominance after stem elongation
This study identified a recessive mutant, the most conspicuous feature of which is increased tillering, reduced height, and infertile spikelets at maturity (Fig. 1A) . Because this mutant differed in the spikelet sterility from high-tillering and dwarf mutants, it was designated this1.
To characterize the mutant in depth, the tiller number of this1 was compared dynamically with htd1 and htd2, two hightiller and dwarf mutants that have been described previously (Zou et al., 2006; Liu et al., 2009) . As shown in Fig. 1B , this1 presented milder defects with respect to tiller number than the other two mutants. At the seedling stage, the tiller number of this1 was identical to the wild type Taipei309, although the plants displayed dwarfism. At 10 days after germination, the lateral buds of the first leaf remained dormant in both the this1 mutant and the wild type, while these buds sprouted in htd mutants (Fig. 1C) . The first tiller was not visible until 20 days after germination in all of the wild-type plants as well as in the this1 mutant. In contrast, elongation of lateral buds in htd1 and htd2 were clearly evident at 10 days after germination under the same field conditions. More tillers became visible only at 45 days after germination (Student's t-test, P < 0.05) (Fig. 1B) , when the first tillers developed to the elongation stage (Zadoks et al., 1974) . this1 plants maintained a similar, even lower, number of tillers as the wild-type plants before the stem elongation stage and exhibited accelerated tiller production after stem elongation. Before heading, the tiller number of this1 plants doubled, increasing to 36.4/ plant, compared to only approximately 16.8 tillers/plant in the wild type. Although an increase in tiller number occurred in all of the mutants, the tiller number of this1 was significantly less than that of the htd mutants tested. At maturity, each this1 plant had a final reproductive tiller number of more than twice that of the wild type, while the other mutants had more than 5-times as many tillers as in their wild types, reaching up to 100 tillers per plant.
To investigate the mechanism of excessive tiller formation, the axils at each node were examined in detail. This showed that both this1 and the wild-type Taipei309 produced only one bud in each leaf axil. Before the stem elongation stage, no difference in performance of tiller buds was observed between the mutant and the wild type. However, the outgrowth of this1 buds in the axils of the elongated culm was less suppressed than in Taipei309 ( Fig. 1D-G ). This was quite distinguishable after heading in the second and third nodes from the top (Fig. 1E, F) . These results suggested that this1 differs from htd1 and htd2 in the spatiotemporal control of tillering.
this1 hinders pollen maturation, anther dehiscence, and flower opening this1 plants produced shortened panicles with low fertility. As shown in Fig. 2A , the seed-setting rate of this1 was only 36.3%, less than half that of the wild type (91.6%). The external appearance of reproductive organs appeared normal. Crossing wild-type pollen onto this1 yielded normal seeds, suggesting that it was not likely a female reproductive organ aberration. To examine whether the reduced fertility was due to pollen viability, pollen viability was compared using KI-I 2 staining. Only 74.1% of this1 pollen grains stained blue, indicating viability, compared with >92.1% of the pollen from the wild type ( Fig. 2B-D) . The this1 pollen grains were indistinguishable in shape from those of the wild type. Also observed in this1 was abnormality in anther dehiscence and flower opening. In the wild-type Taipei309, anthers begin to dehisce when they reach the top of the spikelet prior to spikelet opening. After spikelet opening, the filaments elongated further and the remaining pollen grains were released ( Fig. 2G-I ). The anthers dehisced completely and shed pollen before the spikelet began to close. Finally, the spikelet closed, keeping the empty anthers outside the spikelet. In the mutant, most of the spikelets showed various degrees of defects in anther dehiscence ( Fig. 2J-L) . Even after the spikelets had closed, up to 20% of the anthers remained indehiscent (Fig. 2F ). In addition, flower opening and closing was affected in the mutant. There were more unopened flowers in the inflorescence of this1 than in the wild-type inflorescence. Only 60.4% of the flowers eventually opened in this1 compared to 86.3% in the wild type under these field conditions (Fig. 2E ). This observation suggested that the reduced spikelet fertility is due, at least in part, to the inability of the anthers to dehisce, low viability of pollen grains, and defects in flower opening.
Mutation in this1 impedes anisotropic cell expansion and cell division
The length of the upper four internodes of this1 was compared with the wild-type counterpart. The results showed that this1 seedlings exhibited average shortening of each internode ( Fig. 1H and I ). Internode elongation is caused by cell division in the intercalary meristem, followed by cell elongation in the elongation zone (Hoshikawa, 1989) . Therefore, dwarfism could be caused either by reduced cell size and/or cell number. To further characterize the this1 mutant histologically, this study analysed the microstructure of the first internode from the top of this1 and wild-type plants (Fig. 3) . Compared to the wild type, the internode cells of this1 in the longitudinal direction were 54.8% longer but 24.9% reduced in width (Fig. 3C-F) . The number of cells in the uppermost internode was also reduced on average to 64.5% of the cell number in the wild type (Fig. 3H ). In the transverse section, this1 had both reduced cell size and cell number (Fig. 3A, B , E, G), consistent with the observation of narrowed cells in the longitudinal direction. Thus, a longer, narrower cell shape was observed in this1. In conclusion, microscopic observation revealed that the mutation in this1 impeded anisotropic cell expansion and cell division. In D-F, data are mean ± SD (n = 3). Student's t-test was used to analyse significant differences between wild type (WT) and this1. *, P < 0.05. **, P < 0.01.
Map-based cloning of This1
To understand the molecular mechanisms responsible for the aberrant phenotype of this1, a map-based cloning approach was used to isolate This1 based on plant morphology. Minghui63, a wild-type polymorphic indica variety was used in a cross with a plant homozygous for this1. All F 1 progeny had phenotypes similar to that of wild-type rice. Tests of heterozygotes with F 2 progeny gave a segregation for 358 normal and 97 mutant plants. The segregation ratio corresponded to the expected 3:1 of a single recessive gene with a chi-squared value of 3.29 (less than χ 2 0.05 , which is 3.84), indicating that the abnormal phenotype of this1 was caused by a mutation in a single recessive gene.
A total of 1250 mutant plants were grown from the F 2 population from the this1 x Minghui63 cross. Genetics linkage analysis placed the This1 locus in the interval defined by the two SSR markers RM37 and RM47 on chromosome 1. The This1 locus was further delimited within a 150-kb region between the two CAPS markers C1 and C7 (Fig. 4A) . Instead of sequencing the whole 150-kb region to find the corresponding mutation, the Tos17 insertion mutant library within the 150-kb sequence was retrieved (Miyao et al., 2003) . The mutant line NE3003 (accession number FT910957.1), in which the Tos17 element was inserted in the locus Os01g0751600, exhibited an aberrant phenotype similar to that of the this1 mutant. As a result, Os01g0751600 was considered to be a strong candidate for This1 (Fig. 4B) .
This study sequenced the genomic region containing Os01g0751600 in the this1 mutant and compared it with that of the wild type. A 356-bp deletion covering the intron and the second exon was found in this1 (Fig. 4B, C) . RT-PCR assays showed that the intact Os01g0751600 transcript was undetectable, and a shortened transcript was detected in the this1 mutant (Fig. 4D) . Sequencing results revealed that mis-splicing occurred, and 4 bp of the intron was retained in this1-derived transcripts while 280 bp of the second exon was deleted, resulting in a predicted frame-shift mutation that generated a premature translation termination product of 89 amino acids (Fig. 4E ).
To further demonstrate that the deletion in Os01g0751600 corresponded to the this1 locus, a construct was generated by inserting a 5.7-kb BAC fragment of genomic DNA from Nipponbare, containing the putative coding region as well as 2-kb upstream and 1-kb downstream regions, into the vector pCAMBIA3300. This construct was introduced into this1 plants by Agrobacterium-mediated transformation, and 18 independent transgenic plants were regenerated. All the transgenic plants showed restoration of the this1 defective phenotype with normal tiller number and plant height, as well as a comparable seed-setting rate to the wild type (Figs. 1A and  2A) . In contrast, the control lines generated with the empty vector failed to rescue the this1 mutant (data not shown). In the T 1 generation, the complementation of the phenotype co-segregated with inheritance of the introduced genomic fragment. The ratio of wild-type to mutant-like plants in the T1 generation was 3:1 (χ 2 0.05(1) = 0.13<3.84). Thus, it can be concluded that the Os01g0751600 locus does indeed encode This1.
This1 encodes a putative class III lipase
The full-length This1 cDNA is 553 bp long with an open reading frame of 1236 nucleotides. Comparing the full-length cDNA with the genomic sequence showed that This1 contained two exons and one intron (Fig. 4B) . The predicted protein was 411 residues in length with a predicted molecular mass of 45 kDa (Fig. 5A) . Database searches using the 
E and F) Width (E) and length (F) of cells in Taipei 309 and this1. (G and H) Number of cells in the transverse (G) and longitudinal directions(H). Data in E-H are means ± SD
(n = 3). Student's t-test was used to analyse significant differences between the wild type (WT) and this1. **, P < 0.01. amino acid sequence as query revealed that THIS1 encoded a putative member of the triglyceride lipases that hydrolyse ester linkages of triglycerides (Chapus et al., 1988) . This family of triglyceride lipases are also called class III lipases, which referred originally to a classification of fungal lipases with a conserved amino acid signature sequence around the catalytic centre, and later related enzymes sharing the same type of catalytic centre organization were found in other organisms, including plants (Falk et al., 1999; Jirage et al., 1999; Ishiguro et al., 2001; Jakab et al., 2003) .
THIS1 conformed to the class III lipase consensus sequence [LIV]-x-[LIVFY]-[LIVMST]-G-[HYWV]-S-x-G-[GSTAC]
around the predicted catalytic active site serine. THIS1 had the canonical sequences in their catalytic centre, including the esterase box GxSxG, in which the serine (S222) in the esterase box and the aspartic acid residue (D313) along with another conserved histidine (H371) compose the catalytic triad typical for the esterase and lipase activity (Fig. 5A) . The 356-bp deletion in this1 resulted in a 280-bp shortened mRNA and made This1 truncated to become a null allele.
To examine the evolutionary relationships between THIS1 and other members of the class III lipase family in higher plants, homology searches and a subsequent phylogenetic analysis were performed. Sequences with a highly significant degree of identity to the deduced amino acid sequence of THIS1 were found in all angiosperms with whole genome sequence available ( Fig. 5B and Supplementary Fig. S1 ). Sequence alignment placed THIS1 in the PRLIP family, a subclass of class III lipase that is not related to EDS1/PAD4 and DAD1-like proteins (Jakab et al., 2003) . The sequences of THIS1 homologues were found to be conserved not only around the catalytic centre, but also at their whole N-terminal regions ( Supplementary Fig. S1 ). Ten hypothetical genes in the rice genome and nine in the Arabidopsis genome were identified that were homologous to THIS1 ( Supplementary  Fig. S2 ). The rice homologues are dispersed on chromosome 1 and chromosome 7 with only one exception. However, a distinct distribution pattern has been reported for the Arabidopsis homologues, six members of which cluster on Arabidopsis chromosome 5 in a tandem array (Jakab et al., 2003) . The sequence conservation of THIS1 among various groups of plant lineages suggests the ancient origin of the protein and its conserved function. An unrooted phylogenetic tree of THIS1 homologues in higher plants was constructed by the neighbour-joining method based on the amino acid alignment (Fig. 5B) . The sequences could be grouped into two clades, in which genes from monocots and dicots were separated, suggesting that gene divergence emerged after diversification of the dicot and monocot species groups. THIS1 shares the highest similarity with Bradi2g49990 in Brachypodium distachyon (89% amino acid identity) in monocots. The closest homologue of THIS1 in Arabidopsis was PRLIP8 (At5g50890, 58% amino acid identity), which is a member of the core PRLIP clade belonging to a lipaselike pathogen-inducible gene group of plant class III lipases (Jakab et al., 2003) .
THIS1 is a cytoplasmic protein
Computational prediction found no signal peptides or sequence motifs indicative of subcellular compartmentalization to particular organelles in THIS1. To investigate the subcellular localization of THIS1 experimentally, this study constructed a vector in which green fluorescent protein (GFP) was fused in frame to the C terminus of THIS1 under the control of the 35S promoter of the cauliflower mosaic virus. Onion epidermal cells were micro-bombarded with constructs to transiently express either GFP or THIS1-GFP. As shown in Fig. 6 , THIS1-GFP localized to the cytoplasm (Fig. 6A-C) . Plasmolysis of the cells was performed to confirm the cytoplasm localization of the protein, excluding the possibility of targeting to the nucleus and cell wall (Fig. 6D-F) . In contrast, the fluorescence of GFP alone was observed in both nucleus and cytoplasm (Fig. 6G-I) .
Expression of This1 is ubiquitous
To examine the spatiotemporal expression profile of the This1 gene, quantitative real-time PCR assays were carried out with primer pairs specific to This1 plus UBC primers for the internal standard. This1 was universally present in all examined tissues at all developmental stages (Fig. 7A) , including callus, root, shoot, leaf sheath, leaf blade, culm, and panicle. The expression level was relatively high in callus and panicle, being almost 5-fold higher than observed in other tissues. The analysis of This1 gene expression in different organs by qRT-PCR experiments agreed with the gene atlas data from MPSS and RiceXPro (Nobuta et al., 2007; Sato et al., 2011) . The spatial distribution of This1 gene expression was further examined by using the GUS (β-glucuronidase) gene as a reporter. A 2.1-kb genomic sequence upstream of the open reading frame (from -2162 bp to -1 bp from the ATG) was fused with the GUS reporter gene to generate This1 promoter::GUS transgenic plants (Fig. 7B-F) . Analysis of the transgenic plants showed that the GUS staining pattern is consistent, in general, with the results of the quantitative real-time PCR analysis. Strong GUS activity was detected in root, internode, and anther. GUS expression was also detected in other tissues at relatively low levels. Such expression differences corresponded well with the observation that this1 is high tillering, dwarfing, and displays spikelet sterility.
Mutation of This1 alters expression of multiple genes involved in auxin and strigolactone
Auxin is one of the determinants of shoot branching. Six auxin-responsive genes, OsIAA1, OsIAA4, OsIAA20, OsIAA24, OsGH3, and OsARF6a were randomly chosen to analyse the impact of internal auxin signalling (Ding et al., 2008) . qRT-PCR showed that there was no change in the mRNA abundance of OsIAA1, OsIAA4, OsIAA24, OsGH3, or OsARF6a. However, compared to the wild type, an increase in expression of nearly 3-fold was detected for OsIAA20 in the this1 (Student's t-test, P < 0.05) (Fig. 8A) . This result implied that THIS1 could be involved in auxin signalling. To further determine if elevated gene expression levels were caused by changes in endogenous auxin levels and/ or sensitivity to auxin, this work analysed rice lines harboring the β-glucuronidase (GUS) reporter gene driven by the auxininducible DR5 promoter (Ulmasov et al., 1997) . The expression of DR5-GUS has been used to monitor auxin responses or auxin concentration at the cellular level (Sabatini et al., 1999) . In the wild-type Taipei309 background, GUS staining was clearly detected in the apices of the coleoptile and root (Fig. 8B) . In contrast, staining was very weak, or even undetectable in the this1 background. This result implied that accumulated indole acetic acid (IAA) maxima or sensitivity to auxin are reduced in the mutant plants.
Defects in strigolactone biosynthesis/signalling have been reported to be responsible for the high-tillering and dwarf phenotype in MAX/RMS/D mutants. The impairment of strigolactone biosynthesis or signalling results in D10 mRNA accumulation and a feedback regulation operates in strigolactone signalling (Arite et al., 2007) . To determine if the aberrant phenotype of the this1 mutant resulted from defects in strigolactone biosynthesis/signalling, the expression of D10 as well as other D genes, was examined in this1. As shown in Fig. 8C , the level of D10 expression was increased (Student's t-test, P < 0.05), whereas no clear changes were observed for Htd1, Htd2, D17, or D27 (Fig. 8C) . This indicated that strigolactone biosynthesis/signalling is also affected in the this1 mutant.
The facts that THIS1 encodes a putative lipase and the this1 mutant is defective in anther dehiscence and floret opening are reminiscent of dad1 in Arabidopsis, which is defective in JA biosynthesis and showed aberrant anther dehiscence and delayed flower opening. To determine whether THIS1 is also involved in JA biosynthesis, JASMONATE-ZIM DOMAIN (JAZ) genes in rice were used as marker genes for JA levels (Hirano et al., 2008) . As shown in Fig. 8D , none of nine OsJAZs showed statistically reduced expression levels in this1 compared with the wild type. This suggested that JA biosynthesis and signalling is not defective in the this1 mutant. In addition, the expression levels of OsSIZ1 and OsAID1, which are necessary for anther development and dehiscence in rice (Zhu et al., 2004; Thangasamy et al., 2011) , are also statistically unchanged in this1 (data not shown).
Because marker gene expression of strigolactone and auxin was changed in the this1 mutant, and several members of This1 homologues in Arabidopsis are induced by variety of phytohormones, the expression pattern of This1 was examined in response to different phytohormone treatments including auxin (indole-3-acetic acid, 2,4-D), abscisic acid, MeJA, BR(EBL), 6-BA, ABA, SA, and GA. Just like PRLIP8 in Arabidopsis, the expression level of This1 in rice did not change in response to plant hormones (Fig. 8E) , confirming it is a member of core PRLIPs which are constitutively expressed and respond to neither hormones nor pathogen attack (Jakab et al., 2003; Szalontai et al., 2012) .
Discussion this1 is a novel high-tillering and dwarf mutant
Six rice mutants that exhibit high tillering and dwarfism have been characterized: d3, d10, htd1/d17, htd2/d14/d88, d27 and fc1 Zou et al., 2006; Arite et al., 2007 Arite et al., , 2009 Gao et al., 2009; Liu et al., 2009) . The aberrant phenotypes are caused by the release of bud growth repression. Similar to this1, only one bud was observed in each leaf axil. No studies have reported that additional bud formation is a causative factor in high tillering, suggesting a common mechanism underlying tillering control. However, dynamic analysis revealed that this1 is a novel type of hightillering and dwarf mutant. Compared with d/htd mutants, a relatively milder defect was observed. Final tiller numbers were more than 3-fold greater than that of the wild type, up to 100 tillers/plant in the d mutants. In this1, final tiller number was ~2-times that of the wild type, and a similar pattern has been reported for fc1. Nevertheless, this1 differs from fc1 in that elongation was suppressed only in the most apical internode in fc1 (Arite et al., 2007) , while all internodes were significantly shortened in this1 (Fig. 1H and I). There was no clear difference in tillering between this1 and the wild type at the seedling stage. More tillers became visible only at 45 days after germination, when the first tiller developed to elongation stage (Fig. 1B and C) . In other mutants such as htd1 and htd2, more tillers were already visible at 10 days after germination because the first axillary bud sprouts, while its counterpart in this1 remained dormant (Fig. 1C) . All of these results suggested that This1 controls tillering in a spatiotemporal manner distinct from d/htd mutants. In rice, dwarfism can be attributed to reduced cell size and/ or defects in cell elongation. For instance, cell number and cell size are both reduced in d27 and d88 (Gao et al., 2009; Lin et al., 2009) . The current results showed that This1 regulates anisotropic cell expansion and cell division. There have been few reports providing evidence for stem elongation resulting from anisotropic cell expansion and cell division in rice. Recently, Li et al., (2011) reported that a patatin-related lipid acyl hydrolase pPLAIIIβ affects anisotropic cell expansion and elongation in Arabidopsis. Altering the expression of pPLAIIIβ resulted in ratio changes in cell length and width that subsequently affected plant size. The pPLAIIIb gene encodes an acyl-hydrolysing enzyme with activity towards several classes of phospholipids, galactolipids, monoglactosyldiacylglycerol (MGDG), and digalactosyldiacylglycerol (DGDG). A rice patatin-like PLA2 gene, DEP3, was reported to impact cell elongation. The dep3 epidermal cells were shorter and wider than those of the wild type (Qiao et al., 2011) . Thus, it will be worthwhile to test whether THIS1 has a lipolytic enzymic activity to the biological substrate similar to, and functions in the same way, as pPLAIIIβ and DEP3.
Reduced seed set in this1 is due to the combined effects of pollen viability, anther indehiscence and delayed flower opening
Poor seed set was also observed in this1 plants, a phenomenon that has not been reported in high-tillering and dwarf mutants in rice. It has been broadly observed that decreased plant fertility results in increased branching due to surplus nutrition to grain filling. In this case, axillary buds at nodes on the elongated stem grew out after flowering. However, this should not be true for this1 because an increase in tiller number was clearly evident before initiation of reproductive growth. In rice, few axillary buds grow out after stem elongation, ensuring nutrients required for reproduction can be adequately supplied (Zadoks et al., 1974) . Even if a few nonreproductive tillers form after stem elongation, seed set is reduced because of the nutritional limitation. This observation suggests the existence of a coordinating mechanism that controls tillering and reproductive growth. Characterization and identification of the this1 mutant helps fill in the gaps in understanding of the molecular mechanisms involved.
The this1 mutant displayed reduced pollen viability, anther indehiscence, and delayed flower opening; statistically, none of the individual defects alone is likely to account entirely for the reduced seed-setting rate of this1 (36.3%) compared to the wild type (91.6%). Reduced seed set in this1 can be ascribed to the combined effect of pollen viability, anther indehiscence. and delayed flower opening. However, this study could not exclude the possibility of pollen germination and zygote development abortion in the this1 mutant.
Possible involvement of This1 in auxin and strigolactone signalling
Although more experiments such as hormonal profiling and transport assay are required to uncover the functional pathway of THIS1 experimentally, the altered expression level of OsIAA20 and D10, indicative of defect in auxin and striolactone biosynthesis/signalling (Arite et al., 2007) , highlighted the possibility of involvement of This1 in auxin and strigolactone regulation. Auxins have long been known to be one of the major factors involved in shoot branching and reproductive control. Defects in auxin biosynthesis, transport, or signalling lead to an altered tillering pattern and spikelet sterility in rice. Both the change in expression levels of auxin-responsive genes and the alteration of DR5-GUS activity indicated that the this1 phenotype could be due to auxin deficiency or an interruption in auxin signalling. Because OsIAA20 has been reported to be repressed by IAA (Hirano et al., 2008) , the upregulation of OsIAA20 hinted at reduced IAA accumulation in this1 (Fig. 8A) .
Strigolactones are a novel class of plant hormones. Genes corresponding to all the mutants mentioned above have been molecularly cloned. D10, D17/Htd1, and D27 are indispensable for the biosynthesis of strigolactones, whereas D3 and D14/D88/Htd2 function in signal perception and/or transduction. Mutations in these genes result in feedback upregulation of D10 (Arite et al., 2007) . As shown in Fig. 8C , D10 was upregulated in this1, suggesting a strigolactone deficiency or signalling impairment. However, how This1 participates in strigolactone signalling/biosynthesis remains to be determined. Since none of the rice d/htd mutants show reproductive defects, the fact that this1 bears infertile spikelets suggests that This1 is not likely to be directly involved in strigolactone biosynthesis. Crosstalk exists between the auxin-and strigolactone-response pathways (Domagalska and Leyser, 2011) . Strigolactone signalling regulates polar auxin transport in stems. Loss of function in d27 enhances polar auxin transport (Lin et al., 2009) . The expression of the OsPIN gene family was reported to be controlled by D10 (Zhang et al., 2010) , and it has been reported that IAA levels increased in all d mutants, and auxin upregulated the CCD7 and CCD8 genes in Arabidopsis (Hayward et al., 2009) , pea (Brewer et al., 2009) , and rice (Arite et al., 2007) . Thus, it is possible that the involvement of This1 with strigolactones might be the result of crosstalk mediated by auxin.
This1 encodes a novel putative lipase that mediates plant development
Sequence conservation of the THIS1 protein among various plant groups, and the large number of THIS1 homologues present in the rice and Arabidopsis genomes highlights the importance of these genes in plants. Currently, three groups related to class III lipases have been characterized: EDS1/PAD4/ SAG101, DAD1-like group and PRLIP group. EDS1, PAD4, and SAG101 form a ternary complex signalling in innate immunity (Falk et al., 1999; Jirage et al., 1999; Zhu et al., 2011) . The DAD1-like group was referred to a group of proteins homologous to DAD1 (Defective in Anther Dehiscence) (Ishiguro et al., 2001) . DAD1 is chloroplastic PLA1 enzyme that supplies FA in JA synthesis in flowers. The PRLIP group was first described as pathogenesis-related lipase in Arabidopsis thaliana (Jakab et al., 2003) . PRLIPs separate into two clades; core PRLIPs and pathogen-inducible PRLIPs, based on expression characteristics and pathogen responses. The core PRLIPs are expressed constitutively in all tissue in all angiosperms, whereas pathogen-inducible PRLIPs are unique to Arabidopsis and grapevine, expressed only in response to pathogen attack and/or hormone treatment (Jakab et al., 2003; Szalontai et al., 2012) . Except for the DAD1-like group, little is known about the in vivo lipolytic enzymic activity and biological substrates of class III lipases. Phylogenetic analysis and expression pattern studies placed the THIS1 in the core clade of the PRLIP group (Figs. 5B, 7 , and 8C). It shares little sequence similarity with EDS1/PAD4/SAG101 and the DAD1-like group except for class III lipase features. Thus, in contrast to DAD1, it is not likely that THIS1 participates in JA production. This presumption was substantiated by JA-responsiveness analysis by realtime qPCR by using JAZs as marker genes. However, it cannot be excluded that THIS1 is involved in the fine tuning of JA biosynthesis independently of DAD1 (Wang, 2000) . The constitutive expression pattern of the core clade PRLIPs including This1 and the mutations in This1 that caused various kinds of developmental defects, indicate that they play fundamental roles in regulating plant development. However, limited information is available on their signalling transduction and how it integrates with other endogenous and environmental stimuli. Characterization of the lipolytic enzymic activity and their biological substrates of these lipases will improve understanding of the molecular mechanisms underlying lipase-mediated plant developmental control.
